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SUMMARY

Design requirements for windblast 1imb protection systems to be-
used in current ejection seats were defined. The ACES Il system was
used as a baseline system. Using the baseline seat and the requirements,
three arm and three leg restraint concepts were defined. A proposed
program was then defined to evaluate and develop the proposed systems.

Design requirements were derived from a list of criteria or con-
straints for the system as defined in the reference to the escape,
aircraft, crew flight conditions and using commands' needs. Resulting
requirements were then rank ordered and significant interactions
between them identified. Identification of negative interactions high-
lights the significant trades necessary to design a successful windblast
protection system.

LUCE Al o

Ejection events and the resulting environment the crew is exposed
to were then analyzed to define the physical actions the men and system
4 must contend with. Review of previous ejection injuries and limb
] restraint systems was included to further refine the understanding of
injury mechanisms. Specific injury mechanisms of the knees, shoulder,
elbow, and spinal column are presented. S

¢

Using the requiremants and injury mechanisms the six candidate
protection systems were daefined. A proposed program for concept refine-
L ment and final selection is presented.
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PREFACE

This report was prepared in partial fulfillment of Contract No.
! F33516-78-C-0514. The research was accomplished by Rockwell

= International, Los Angeles Division, 815 Lapham St., E1 Segundo,

| California 90009. Frank E. Drsata was the Program Manager and

R. J. Cummings was the Principal Investigator.

2 The Air Force Technical Monitor was James R. Brinkley of the
- Biomechanical Protection Branch, Biodynamics and Bioengineering
Division of the Aerospace Medical Research Laboratory.
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This research was conducted to provide data on design requirements,
constraints, and criteria for a windblast protection system for open
ejection seats and to develop and select candidate protection concepts
for further study.
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INTRODUCTION ;
PROBLEM DEFINITION

In high-speed open-seat ejections, aerodynamic and inertial forces can
injure the unrestrained limbs of the seat occupant. The problem is hew to
develop a limb restraint design which will safely restrain the 1inbs agatinst
the action of these forces while conforming to design constraints which
arise from aircraft and escape system requirements; from human vulnerabili-
ties to injury; from expectations of the users regarding encumberances, |
comfort and appearance; and from expectautions of the support commands regard- ]
ing reliability, maintainability, logistics, cost and schedule. i

PROBLEM CONTEXT

Historical

Studies of ejection incidents have shown that injuries to the limbs are
the most significant factor governing the rate of safe recovery from high-
- speed ejections (References 1 through 5). The estimated incidence of limb
¥ injuries in the absence of restraints ranges from about 20 percent at 400
KEAS to nearly 100 percent at 600 KEAS. In combat situations, 1imb injuries
greatly reduce the chance of rescue from behind enemy lines and increase
the risk involved in rescue operations. Many attempts have been made at
. designing limb restraint systems for open-ejection seats. The primary
F‘ ; reasons why these designs are not acceptable for use in new fighter aircraft

u TR
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are as follows:

1. Excessive weight and/or bulk.

iicing o

2. Users judge them excessively encumbering or unreliable.

3. The designs have proved to be ineffective or have
introduced new injury mechanisms.

Aircraft Performance Requirements

| The missions for new fighter aircraft demand higher velocities and

S mareuvering accelerations, and lower altitudes. The cdemi.1 for higher

E‘ velocities shifts the expected ejection-speed frequency uistribution toward
i higher ejection velocities and increases the expected number of ejections
in the dynamic pressure region where limb injuries are probable. Demands
for higher velocities also creates demand for reduced cross section and,
therefore, less bulk. Demand for higher maneuvering accelerations creates
demand for reduced gross weight. Demand for operation at lower altitudes
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creates demand for better low altitude recovery performance from escape
systems.

gscape System Performance Requirements

Mission performance requirements for open-seat escape systems are
driven by the improving low-altitude high-speed performance of milftary
aircraft. To improve lTow altitude recovery performance, the delay between
system initfation and catapult ignition has been shcrtened to only that
required to achieve canopy divestment. Delay for canopy divestment may
be as short as 120 milliseconds. The divestible part of some new cockpit
canopies, for example the F-16, is continuous down to the fuselage outer
mold line. In such aircraft, the seat-occupant is exposed to windblast
immediately after the canopy is unlatched. Therefore, if 1imb restraint
must occur concurrently with divestment, the 1imb restraint system must
deploy very rapidly while exposed to windblast.

Ejection Seat State~-of-the-Art

In the region of high dynamic pressure where limb injuries are probable,
and during the period between seat-rail separaticn and the beginning of
stabilized deceleration on the drogue chutc, a 1ight weight, standard shaped
ejection seat will usually show angle-of-attack instability (References 6
through 9). As a result, the direction and magnitude of the aerodynamic and
inertial forces acting on the limbs, body and seat may change rapidly during
this period. Also the seat can have a larg2 angle-of-attack by the time the
drogue chute inflates. When this occurs, the seat shows large changes in
translationa! and angular acceleration which may result in violent movement
between the seat and occupant. After drogue stabilization, the seat can show
high roll rates which the drogue may not control. When this occurs, seat-
man separation can be unstable and result in an off-angle extraction of the
occupant from the seat.

General

‘Contemporary Air Force ejection seats use either center-pull or side-
arm initiators. Therefore, the 1imb restraints should be designed for both
initiator types. The need for a workable limb restraint system is immediate.
Therefore, the 1imb restraint desigrn should be compatible with the goal of
rapid development, evaluation and implementation. The maximum loads which a
1imb restraint system will have to react are not precisely known due to diffi-
cultfes of extrapolating windtunnel research data to the actual dynamic
conditions of a high-speed ejection. Therefore, the proposed restraint design
should provide a wide margin of safety in its maximum load parameters.
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STRATEGY FOR PROBLEM RESOLUTION

This attempt to solve the 1imb restraint design problem began with a
review of the scientific literature related, in general, to human inter-
actions with open-seat ejection systems, and in particular, to the mechanics P
of windblast induced limb injuries. During this review, particular attention 1
was paid to those characteristics of previous limb restraint design solutions ?
, which seemed to be the cause of those solutions, unacceptability for use on ﬂ
\ the ejection seats of new military aircraft.

P T

Subsequent to the literature review, an analysis was conducted on the
requirements for an acceptable 1imb restraint design. One aim of this
analysis was to identify and assess contradictory interactinns between

~ independent design requirements. A contradictory interaction is indicated
'a when it can be shown that a design feature which improves performance against ;
j one requirement, degrades performance against another. As a means for ]
F ' systematically searching for such interactions, a list of independent design
requirements was compiled and then crossed with itself to form a matrix.
Each cell of this matrix represents the potential interaction between a pair 3
of requirements as shown in Table 1. Eich of the paired requirements was ]
; subjectively assessed for any significant interaction, and the corresponding ,
’ matrix cells were marked to indicate the nature of the interaction as either i
beneficial, neutral! or contradictory. A list of the contradictery inter-
actions was made. The list which gives a brief explanation of each interac- |
tion, and possible approaches to resolution, is presented in Table 2. i
Of the 180 potential interactions defined by the requirements matrix, 76 !
contradictory interactions were identified. This large number of conflicts
! between requirements implies that any windblast protection concept will
necessarily represent a large set of trade-offs between requirements, and
that no concept can fully meet all of the design requirements. Since each
contradictory interaction between requirements represents a potential trade-
off situation, there is a need for organizing these interactions according
to their relative importance so that the acceptability of the trade-offs
inherent in a design concept may be judged. Since the importance of each
interaction is related to the importance of the two requirements involved,
the design requirements first were ranked according to their relative
importance on the basis of their contributions to the following goals:

R L
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First, successful completion of the military mission
Second, safe recovery of the seat occupant

Third, satisfaction of the functional and psychological
needs of the occupant
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Fourth, satisfaction of the operaticnal needs of the
using command, e.g. logistics, maintainability, etc.

These criteria were used to rank order the design requirements as shown

in Table 3. Tne list of rank ordered requirements was then used to form

a second interaction matrix, shown in Table 4. In this new matrix the
previously identified interactions are automatically organized by importance
and tradeability. The vertical axis represents importance in the sense

of rank order and the horizontai axis represents tradeability ir the

sense of its representing the difference in rank order between the conflict-
ing requirements. If the rank order ditference is small, the size of the
trade-off should be small but the direction of trade-off is justifiable
either way. If the rank order difference is large, a large trade-off may be

justifiable but it is difficult to justd fy the trade-off of a higher ranked
requirement for a lower ranked one.

A second aim of the design requirements analysis was to prepare a
description of the oper-seat ejection event which would tie together, by
association, the available information about the principle elements, namely
the air, the man, and the seat. Toward this end a chart was prepared which
showed the r« .ationship betweern the event timeline of the seat and the time
histories of dynamic pressure and deceleration for a ty ical high-speed low-
altitude ejection. This chart is presented in Figure 1.

Also discussions were prepared on the importance of frame of reference

to ejection force descriptions, and on the sequence of events which lead to
the creation of the ejection forces.

A third aim of the requirements analysis effort was to identify the

injury vulnerabilities of the seat occupant and to describe the implications
for 1limb restraint designs.

An effort to develop design and evaluation criteria was carried out
concurrently with the design requirements analysis. The approach was to
compile a table of design and evaluation criteria based on the list of
requirements and the requirement conflict descriptions, taken from Tables
1 and 2. This table of criteria is shown in Table 5.

The next effort was aimed at design conceptualization. At the start,
this effort was open to all previous design solutions and any new method
or technique for protecting against windblast injuries. Later the effort
was scoped down to development of configurations and deployment techniques
for t..2 broad category of strap type limb-restraint systems. This change
of scope was basad on the determination that strap type systems offered
the best overall performance and also that the aesign flexibility inherent
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TABLE 3. SEPARATION OF DESIGN REQUIREMENTS BY MISSION AND BY IMPORTANCE TO
A MISSION FOR THE PURPOSE OF BANK ORDERING THE DESIGN REQUIREMENTS l
Missions
Rank | Aircraft Escape System Crew Using Command
1 Weight ‘I
2 Drag § Inertial Forces i
: 3 A/C Atcitude %i
7‘ 4 Vision %
; r 5 Reach %
| 6 DTC/LCC |
E | 7 Pre-ejection Positioning
8 Seat Separatiun
k; 9 Load Distributjon | ]
10 Crew Size Crew Size .
11 Logistics
: 12 Personal Equipment Personal
: Equipment ;
:’ 13 Landing Entanglement i
/3 14 Emergency Egress Emergency ‘
; ~ Egress
15 Manual ;
Release )
Accessibility !
16 Seat Stability |
r 17 Ingress/ 3
E Donning P
i 18 Operational :
;‘ Acceptability
E 19 Reliability
3 20 Maintainability

25
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